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Abstract : Plantations of eucalypts as short-rotation tree crops are rapidly 
expanding in tropical and sub-tropical regions, including southern China, 
where the soils are acidic and available phosphorus (P) is limited. We 
investigated seedling growth, dry matter accumulation, and the dynamics 
of photosynthetic rate and chlorophyll content of seven Eucalyptus spe¬ 
cies/hybrids (E. dunnii, E. grandis, E. grandis x E. camaldulensis, E. 
urophylla x E. camaldulensis, E. urophylla x E. tereticornis, E. grandis 
x E. tereticornis, E. urophylla x E. grandis) in response to different 
levels of P supply (0, 6, 12 and 18 mg-kg' 1 KH 2 P0 4 ). The photosynthetic 
rate and the chlorophyll content significantly declined as the P supply 
declined in almost a linear fashion for all species as the P stress period 
extended. In the absence of P supply, height growth of seedlings of all 
species was significantly impaired, while root collar diameter growth and 
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whole plant dry matter accumulation was not affected by the level of P 
supply in most of the species. Significant inter-species variations in 
growth, dry matter accumulation and photosynthetic rate in response to P 
supply were detected. Eucalyptus dunnii had the lowest growth perform¬ 
ance across all levels of P supply while E. urophylla x E. tereticornis 
showed superior growth performance. From a practical point of view, E. 
urophylla x E. tereticornis is suggested as a candidate hybrid for planting 
on slightly P-deficient sites in southern China while E. dunnii , being a 
slow-growing species, is not suitable for short-rotation plantation. On 
plantation sites where severe P deficiency exists, P fertilization needs to 
be considered to boost rapid growth of seedlings so as to meet the man¬ 
agement objectives of short-rotation plantation. 

Keywords: biomass, Eucalyptus , phosphorus stress, pulp, short-rotation 
forestry 

Introduction 

The ever-increasing demand for wood, fibre and pulp coupled 
with efforts to mitigate greenhouse gas emission and environ¬ 
mental degradation has emphasized the need for the development 
of forest plantations. As a result, a surge in areas of new forest 
plantations has been observed over the past decades in Brazil, 
China and India (Singh 2013). Particularly, short-rotation trees 
(e.g. Eucalyptus) have long been recognized as sources of raw 
material for bioenergy, pulp and paper industries, and they se¬ 
quester carbon (Shepherd et al. 2011). Eucalypts are 
fast-growing tree species used in short rotation plantations in 
many parts of the world owing to their wide range of environ¬ 
mental tolerance and multiple uses. China has the second largest 
(after Brazil) area of eucalypt plantations in the world and their 
impact is increasingly important in ecological, social, economic, 
and other issues (Wang et al. 2004). Most eucalypt plantations 
are concentrated in southern China (Liu et al. 1994), where the 
soils are widely deficient in plant-available P(Xu et al. 2001), 
although the total P level in the soils is generally high (Chen et al. 
1996). 
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Currently, many small-scale fanners in southern China widely 
plant Eucalyptus species or hybrids without knowledge of their 
ability to tolerate low P stress. P deficiency is one of the major 
limitations for plant growth and productivity, particularly in the 
tropics, where the soil is highly weathered and acidic (Rag- 
hothama 1999; Shenoy and Kalagudi 2005). Generally, plants 
that receive sub-optimal levels of P grow slowly, with a yield 
loss up to 5%—15% (Shenoy and Kalaguid 2005). Further, P 
starvation reduces photosynthetic rate, stomatal conductance, 
photosynthetic phosphorylation, ATP production, the production 
and export of triose-P and ribulose-1, 5-bisphosphate regenera¬ 
tion (Jacob and Lawlor 1991; Thomas et al. 2006b; Warren 
2011). Although application of P-containing fertilizers is usually 
recommended to enhance P availability, its high cost and sus¬ 
tained availability coupled with eutrophication and hypoxia of 
lakes and marine estuaries (Scholz et al. 2013) are limiting its 
wider application in short-rotation plantations. Therefore, judi¬ 
cious selection of species that can tolerate low P stress is a reli¬ 
able option. 

Research on responses of eucalypt species to low P stress is 
generally scanty (Kirschbaum and Tompkins 1990; Warren 2011; 
Thomas et al. 2006a); particularly there is a lack of knowledge 
about P-efficient eucalypt species suitable for planting. As a 
result, small-scale farmers can receive little guidance in their 
selection of eucalypt species. This study, therefore, aims at pro¬ 
viding scientific evidence for selection of eucalypt species suit¬ 
able for short-rotation planting as well as those tolerant to low 
phosphorus. We chose seven major eucalypt species and hybrids 
currently used in short-rotation plantation in southern China as 
experimental materials. We measured their photosynthetic rate, 
chlorophyll content, growth, and dry matter accumulation under 
different levels of phosphorus supply. 

Materials and methods 

Plant materials and growth conditions 

In this study, seven species/hybrids of eucalypt (E. dunnii, E. 
grandis, E. grandis x. E. camaldulensis, E. urophylla x E. 
camaldulensis, E. urophylla x E. tereticomis, E. grandis x E. 
tereticornis, E. urophylla x E. grandis) were used as experimen¬ 
tal materials. Seedlings of E. dunnii were raised in the nursery 
from seeds, while seedlings of the other species/hybrids were 
raised from tissue culture by the Seedling Centre of Yong'an 
Forestry Group, Fujian Province, China. All seedlings were four 
months old, and they were kept in a glasshouse at the Forestry 
College, Fujian Agriculture and Forestry University for one 
month to avoid shock due to changes in environmental condi¬ 
tions and to become established. Thereafter, the root system of 
each seedling was washed with water and transferred to a grow¬ 
ing medium, which was a mixture of yellow soil (loess) and sand, 
with the following chemical properties: organic matter content 
(0.312 g-kg' 1 ), total nitrogen (0.058 g-kg' 1 ) total phosphorus 
(0.106 g-kg' 1 ), total potassium (2.618 g-kg' 1 ), and a trace amount 
of available phosphorus. The growing condition in the green- 

4^ Springer 


house was 29.3/23°C (day/night); a photon flux density of about 
21 mol quanta nf'-d ' 1 and relative humidity of ca. 42.7% and 
67.7% during the light and dark period of the experiment, re¬ 
spectively. The seedlings were left to grow in these conditions 
for two weeks to reduce internal phosphorus concentrations to 
appropriate lower levels. 

Experimental design 

We established a factorial experiment involving seven eucalypt 
species and four P concentrations. The P treatments applied were 
18 mg-kg ' 1 KH 2 P0 4 (normal P supply), 12 mg-kg ' 1 KFEPOiipmld 
P deficiency), 6 mg-kg ' 1 KFEPO 4 (moderate P deficiency), and 0 
mg-kg ' 1 KH 2 P0 4 (severe P deficiency), following the procedure 
described by Xu (1997). Each treatment had three replicates, thus 
the total number of seedlings was 84. The P stress treatments 
lasted for 4 months from mid-July to November 2006. Through¬ 
out the experiment period, nitrogen and potassium were added to 
the different treatments in non-limiting quantities in the form of 
solution at a rate of 100 mL per pot every 2 days. 

Measurements 

After one month of evoking stress, seedling height, root collar 
diameter, photosynthetic rate and chlorophyll content of Euca¬ 
lyptus species/hybrids were detennined monthly for three con¬ 
secutive months to gain insight into the dynamics of growth and 
physiological responses over extended stress periods. To reduce 
sampling error, leaves were taken at the same location from the 
new offshoot each time and measurements were done three times 
on each sample to obtain an average value. Chlorophyll content 
was measured following the procedure described by Zhang 
(Zhang 1986) using a 1:1 mixture of acetone and ethanol. Pho¬ 
tosynthetic rate was measured with the ECA-PB0402 photosyn¬ 
thesis analyzer. At the end of the phosphorus stress experiment, 
destructive harvests of the replicates were made, and fresh bio¬ 
mass of leaves, stems, and washed roots were detennined. Dry 
weight of each component was determined after drying at 70°C 
until constant weight. 

Statistical analysis 

Prior to statistical analysis, relative increments (%) in seedling 
height and root collar diameter were computed as the ratio of 
difference between post- and pre-stress values divided by 
pre-stress values. The total dry mass and dry mass of leaves, 
stems and roots were log-transformed to meet the homoscedas- 
ticity assumption for the analysis of variance (Zar 1996). 
Two-Way ANOVA was performed to examine differences in 
growth and dry matter production among eucalypt seedlings and 
P treatments. When the interaction effect was significant, 
one-way ANOVA was run for each species separately to exam¬ 
ine responses of each species to P treatments. Means that dif¬ 
fered significantly were compared using Tukey’s HSD test. For 
photosynthetic rate and chlorophyll content data sets, repeated 
measures-ANOVA was performed to examine differences among 
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eucalypt seedlings, phosphorus treatments and stress period us¬ 
ing the following linear model: 

Y ijk = M + P, + Aj + (M ),, + £ m + £ j{k) ( 1 ) 

where Yy k is the photosynthetic rate and chlorophyll content, p is 
the overall mean, is the effect of the between-subject factors, i, 
P treatment and species, Aj is the effect of the within-subject 
factor, j, stress period, (/?/!.),,■ is the interaction of the between- 
and within-subject factors, and £)•(,), are random errors of 
the between- and the within-subjects factor, respectively with k 
number of replicates. Mauchly’s test of sphericity was used to 
test the homogeneity of variance assumption, when violated, the 
degrees of freedom for testing the significance of the 
within-subject factor were adjusted using Huynh-Feldt correc¬ 
tion factor, which is less biased than other correction factors 
(Davis 2002). The Bonferonni adjustment for multiple compari¬ 
sons (p = 0.02) was employed to control the inflation of a. All 
statistical analyses were done using the SPSS 17 software pack¬ 
age (SPSS 17 for Windows, Release 2009 Chicago:SPSS, Inc.). 

Results 

Seedling growth 

Height growth of seedlings varied significantly among eucalypt 
species (p <0.01) and for the interaction effect (p <0.01), but not 
among levels of P supply (p =0.190). Subsequent one-way 
ANOVA for each species separately revealed significant differ¬ 
ences in height growth by level of P supply for E. dunnii (p 
=0.04) and E. urophyllci x E. tereticornis (p <0.01). Severe P 
deficiency (0 mg-kg' 1 ) resulted in slower height growth of E. 


dunnii seedlings than mild to moderate P deficiencies and normal 
P supply, whereas P deficiency resulted in slower height growth 
for E. urophyllci x E. tereticornis compared to nonnal P supply 
(Table 1). For the remaining eucalypt species, differences in 
height increment were insignificant across all levels of P supply. 
Diameter growth of seedlings also showed significant differences 
among eucalypt species (p =0.005), but not among levels of P 
supply (p =0.188), or the interaction effect (p =0.682). Averaged 
over all levels of P supply, increment in diameter was higher for 
E. dunnii and E. grandis x E. tereticornis compared to E. gran- 
dis x E. camaldulensis (Table 2). For the remaining species di¬ 
ameter increments were similar. 

Table 1 : Relative height increment (%) of seven eucalypt seedlings in 
response to different levels of P supply (mean ± SE). Means across the 
rows followed by different letter are significantly different at 5 % level. 


P supply levels (mg g 1 KH2PO4) 


species 

0 

6 

12 

18 

E. dunnii 

55.1±8.2 a 

102.6116.1 b 

98.317.9 b 

89.318.0 b 

E. grandis 

131.612.9 a 

98.3114.8 a 

110.317.8 a 

97.615.8 a 

E. grandis x E. 

67.5110.4 a 

69.414.7 a 

72.1 13.9 a 

90.61 1.0 

camaldulensis 




a 

E. grandis x E. 

58.712.4 a 

65.215.9 a 

64.814.8 a 

61.4112.6 

tereticornis 




a 

E. urophylla xE. 

64.2111.6 a 

48.1117.3 a 

60.919.7 a 

35.312.5 a 

camaldulensis 





E. urophylla xE. 

56.216.6 a 

60.9 1 8.6 a 

79.4111.1 a 

67.617.0 

grandis 




a 

E. urophylla xE. 

62.2 1 6.0 a 

56.414.5 a 

56.2 1 2.4 a 

107.218.0b 


tereticornis 


Table 2: Relative increment of root collar diameter (%) of seven eucalypt seedlings in response to different levels of P supply (mean ± SE). Overall 
means for P supply across the row and for species across the column followed by the same letter (S) are not significantly different. 


Species 


P supply levels (mg g KH.POq 


12 


18 


Overall mean (spe¬ 
cies) 


E. grandis xE. camaldulensis 

32.81 1.3 

52.4 18.0 

62.41 10.2 

42.3 1 9.6 

47.517.3a 

E. urophylla xE. camaldulensis 

61.61 15.9 

61.915.0 

34.615.9 

46.413.5 

51.1 17.6ab 

E. grandis 

70.1 123.4 

66.3 1 6.3 

65.017.8 

63.1 16.6 

66.1 1 ll.Oab 

E. urophylla xE. tereticornis 

76.21 12.8 

75.612.2 

57.91 1.2 

59.718.1 

67.3 16.1ab 

E. urophylla xE. grandis 

78.91 13.7 

67.91 17.0 

65.4113.8 

59.917.0 

68.0112.9ab 

E. grandis xE. tereticornis 

66.5 1 7.3 

81.1 1 11.4 

78.61 12.4 

55.3 19.7 

70.4110.2b 

E. dunnii 

6.9 1 9.6 

72.2 16.9 

83.615.4 

66.3 1 15.6 

72.219.4b 

Overall mean (P supply) 

64.71 12.0A 

68.218.1A 

63.918.1A 

56. 1 1 8.6A 



Diy matter accumulation and distribution 

Diy matter of root, shoots and whole plant varied significantly 
among eucalypt species (p <0.001), but not among levels of P 
supply (p >0.05). Significant interaction effect also was detected 
for shoot dry matter (p =0.013) and whole plant dry matter (p 
=0.006). Average over all levels of P supply, E. grandis and E. 
dunnii had the highest root dry mass compared to E. urophylla x 


E. grandis, E. grandis x E. tereticornis and E. urophylla x E. 
camaldulensis (Table 3). For shoot dry mass, species-wise 
ANOVA revealed significant differences among levels of P sup¬ 
ply for E. urophylla x E. camaldulensis (p =0.008) and E. uro¬ 
phylla x E. tereticornis (p =0.015). E. urophylla x E. camaldu¬ 
lensis seedlings exposed to mild and severe P deficiencies pro¬ 
duced significantly lower shoot dry mass than seedlings grown 
under normal P supply, whereas E. urophylla x E. tereticornis 
seedlings grown under mild P deficiency produced more shoot 
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dry mass than seedlings grown under conditions of moderate and 
severe P deficiency and nonnal P supply (Table 3). Whole plant 
dry matter was mainly distributed into the shoot (stems followed 
by leaves) rather than in the root systems. With regard to whole 
plant dry matter, three species groups were discernible: species 
that were insensitive to P deficiency ( E. dunnii, E. grandis, E. 


grandis x E. camaldulensis, and E. urophylla x E. grandis); 
species sensitive to severe P deficiency (E. grandis x E. tereti- 
cornis); and species tolerant of P deficiency ( E. urophylla X E. 
camaldulensis ); the latter group accumulated significantly higher 
dry matter under severe and moderate P deficient condition than 
under mild P stress (Table 3). 


Table 3: Dry matter accumulation (g) and distribution of seven eucalypts in response to different levels of P supply (mean ± SE). Means for P supply across 
the row followed by the same capital letter (s) and for species across the column followed by the same small letter (s) are not significantly different. 


P supply levels (mg-g Kl bPO,) 




0 

6 

12 

18 

Root 

E. dunnii 

3.85 ±0.75Aa 

5.69 41.58Aa 

4.08 42.12Aa 

6.26 41.71Aa 


E. grandis 

7.61 42.29Aab 

6.43 40.9 lAab 

6.90 41.93Aa 

7.12 40.79Aa 


E. grandis X E. camaldulensis 

13.03 ±1.87Ac 

13.15 44.1 lAc 

16.49 44.79Aa 

15.72 45.40Ab 


E. grandis X E. tereticornis 

7.91 ±1.17Aab 

11.94 42.77Abe 

10.69 40.70Aa 

12.16 41.79Aab 


E. urophylla X E. camaldulensis 

10.364 2.08Abc 

12.58 40.27Abc 

17.704 15.02Aa 

5.31 ±0.23Aa 


E. urophylla x E. grandis 

6.78 ±1.78Aab 

6.95 ±0.73Aab 

6.48 41.04Aa 

8.48 42.56Aab 


E. urophylla X E. tereticornis 

12.76 ±1.26ABc 

12.30 42.41ABc 

8.00 41.57Aa 

15.17 4 2.49Bb 

Shoot 

E. dunnii 

28.41410.42Aa 

40.5648.7 lAa 

32.31419.55Aa 

42.81±5.51Ab 


E. grandis 

40.3346.99 Aab 

34.28±7.63Aa 

39.5345.04Aa 

45.104l3.40Ab 


E. grandis X E. camaldulensis 

36.75±4.57Aab 

42.47411.09Aa 

48.69±8.38Aa 

44.85±15.51Ab 


E. grandis X E. tereticornis 

28.5842.49Aa 

35.5145.35Aa 

35.1043.97Aa 

33.3l4l.97Aab 


E. urophylla X E. camaldulensis 

36.2344.41Bab 

32.3540.79Ba 

40.98410.98Ba 

18.33±0.50Aa 


E. urophylla x E. grandis 

27.0745.03Aa 

31.7542.94Aa 

31.574l.28Aa 

36.2545.64Aab 


E. urophylla x E. tereticornis 

50.35±9.88Ab 

48.9643.53Aa 

31.0543.29Ba 

46.9845.13Ab 

Whole plant 

E. dunnii 

32.26 410.00Aa 

46.24 49.99Aab 

36.39 421.62Aa 

49.07 47.22Aab 


E. grandis 

47.94 48.63Aab 

40.71 48.45Aab 

46.43 45.90Aa 

52.22 413.54Aab 


E. grandis X E. camaldulensis 

49.77 46.40Aab 

55.62 414.67Aab 

65.18 413.16Aa 

60.57 420.77Ab 


E. grandis X E. tereticornis 

36.49 42.57Aa 

47.45 44.43Bab 

45.79 44.16Ba 

45.47 42.54ABab 


E. urophylla X E. camaldulensis 

46.59 45.97ABab 

44.93 41.05ABab 

58.68 422.56Ba 

23.64 40.72Aa 


E. urophylla x E. grandis 

33.85 46.77Aa 

38.70 43.66Aa 

38.05 40.72Aa 

44.73 48.14Aab 


E. urophylla x E. tereticornis 

63.11 410.28Bb 

61.26 45.94Bb 

39.05 44.86Aa 

62.15 46.68Bb 


Chlorophyll content 

The chlorophyll content of leaves differed significantly with 
respect to within-subject factors (stress period and its first order 
interaction with P treatment and species; p <0.0001) as well as 
between-subject factors (species, treatments and their interaction; 
p <0.0001). For all species, the average chlorophyll content de¬ 
creased with increasing duration of stress period across all treat¬ 
ments (Table 4). The chlorophyll content also decreased consis¬ 
tently for all species with severe P deficiency across all durations 
of stress period; except E. urophylla x E. tereticornis that had a 
similar level of chlorophyll content across P treatments as the 
stress period extended to three months. During the first stress 
period (1 month post-stress), chlorophyll content of E. grandis, E. 
urophylla x E. tereticornis, and E. grandis x E. tereticornis was 
insensitive to moderate P deficiency; that of E. urophylla x E. 
camaldulensis, E. urophylla x E. grandis, and E. dunnii was 
insensitive to mild P deficiency; while that of E. grandis x E. 
camaldulensis was sensitive to either moderate or mild P defi¬ 
ciency. 


Photosynthetic rate 

The photosynthetic rate differed significantly with respect to 
within-subject factors (stress period and its first and second order 
interactions with P treatment and species; p <0.0001) as well as 
between-subject factors (species, treatments and their interaction; 
p <0.0001). The average photosynthetic rate increased consis¬ 
tently with increasing P supply across all stress periods for all 
species; except E. urophylla x E. tereticornis (Table 5). For this 
hybrid, the photosynthetic rate was significantly lower under 
normal P supply than under mild P deficiency but much higher 
compared to severe and moderate P deficiencies during the sec¬ 
ond stress period. The temporal variation in photosynthetic rate 
was vivid for most of the species; except E. dunnii that had simi¬ 
lar photosynthetic rate under P deficient conditions in the second 
and third stress periods. As a whole, E. urophylla x E. camaldu¬ 
lensis had the highest photosynthetic rate consistently across all 
P treatments, while E. urophylla x E. grandis and E. urophylla x 
E. tereticornis had the lowest photosynthetic rate in mild to se¬ 
vere P deficient conditions. 
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Table 4: Chlorophyll content (mg-g' 1 fresh weight of needles) of seven eucalypts in response to different levels of P supply (mean ± SE). During the first 
stress period, means for P supply across the row followed by the same capital letter (s) and for species across the column followed by the same small 
letter (s) are not significantly different. The mean comparison for second and third stress periods is similar with that of the first stress period. 


Stress period 

Species 


P supply levels (mg-g 1 KH2PO4) 


0 

6 

12 

18 

1 month 

E. grandis X E. camaldulensis 

1.6940.12Dcd 

2.5340.20Cc 

3.0640.08Bb 

3.5440.17Ab 


E. grandis 

1.9l40.08Ccd 

2.1640.21Bd 

2.2740.1 lBc 

2.5440.21Ad 


E. urophylla X E. camaldulensis 

1.6740.14Bd 

1.94±0.10Be 

2.2940.37AC 

2.5440.21Ad 


E. urophylla X E. tereticornis 

1.97±0.29Bc 

2.2840.2 lABd 

2.3940.16ABc 

2.6440.12Ad 


E. grandis X E. tereticornis 

1.7840.1 lCcd 

2.2640.14Bd 

2.4240.33ABc 

2.6140.07Ad 


E. urophylla x E. grandis 

2.3540.17Db 

2.7540.15Cb 

3.03±0.23Bb 

3.2740.1 lAc 


E. dunnii 

2.8240.08Da 

3.1240.08Ca 

3.6840.20Ba 

3.9940.19Aa 

2 months 

E. grandis X E. camaldulensis 

1.14±0.18Be 

1.4l40.26Bcd 

2.0840.15Ab 

2.3340.21Ab 


E. grandis 

1.3640.06Cc 

1.4440.1 lBCcd 

1.6340.19ABc 

1.8140.13Acd 


E. urophylla x E. camaldulensis 

1.16±0.08Dde 

1.27±0.08Cd 

1.5640.1 lBc 

1.76±0.10Ad 


E. urophylla x E. tereticornis 

1.47±0.15Dc 

1.5740.13CC 

1.7340.10Bc 

1.9340.90AC 


E. grandis X E. tereticornis 

1.31±0.24Ccd 

1.4540.05BCcd 

1.6540.18ABc 

1.7440.05Ad 


E. urophylla x E. grandis 

1.67±0.10Db 

1.9540.18Cb 

2.1640.07Bb 

2.4840.09Ab 


E. dunnii 

2.33±0.1 ICa 

2.7440.27Ba 

3.0840.14Aa 

3.2140.lOAa 

3 months 

E. grandis X E. camaldulensis 

0.58±0.10Dd 

0.9740.lOCe 

1.4l40.14Bc 

1.7440.07AC 


E. grandis 

1.0940.09Cbc 

1.1540.09Cd 

1.3l40.10Bc 

1.4240.08Ad 


E. urophyllaxE. camaldulensis 

0.70±0.10Cd 

0.8240.08BCf 

0.9540.05Bd 

1.1240.08Ae 


E. urophyllaxE. tereticornis 

1.25±0.29Bb 

1.3440.1 lABc 

1.4140.12ABC 

1.6340.10AC 


E. grandis X E. tereticornis 

0.9940.08Dc 

1.1440.07Cd 

1.2840.1 lBc 

1.4140.05Ad 


E. urophylla x E. grandis 

1.28±0.13Cb 

1.51±0.02Bb 

1.5840.12Bb 

1.9240.1 lAb 


E. dunnii 

2.09±0.10Da 

2.3540.12Ca 

2.6l40.07Ba 

2.9540.12Aa 

Table 5: Photosynthetic rate (pmol-m^s’ 1 ) of seven eucalypts in response to different levels of P supply (mean ± SE). During the first stress period, 

means for P supply across the row followed by the same 

capital letter (s) and for species across the column followed by the same 

small letter (s) are not 

significantly different. The mean comparison for second and third stress periods is similar with that of the first stress period. 


Stress period 

Species 


P supply levels (mg-g 1 KH2PO4) 


0 

6 

12 

18 

1 month 

E. grandis X E. camaldulensis 

19.740.68Db 

26.440.73Cc 

37.240.37Bb 

48.240.34Ab 


E. grandis 

17.941.61Dc 

22.440.6 lCd 

27.840.85Bc 

35.240.29Ae 


E. urophyllaxE. camaldulensis 

19.540.95Db 

28.541.16Cb 

37.741.65Bb 

47.6±0.56Ab 


E. urophyllaxE. tereticornis 

17.9±0.64Dc 

21.340.33Ce 

27.640.68Bc 

33.340.66Af 


E. grandis xE. tereticornis 

23.440.65Da 

31.341.07Ca 

45.8±0.37Ba 

50.840.49Aa 


E. urophylla x E. grandis 

16.440.45Dd 

19.440.66Cf 

24.341.42Bd 

38.541.03Ad 


E. dunnii 

16.740.80Dd 

18.641.08Cf 

24.840.37Bd 

40.940.35Ac 

2 months 

E. grandis xE. camaldulensis 

9.2±0.48Cd 

10.340.29Cc 

16.7±0.50Bd 

27.440.81Ab 


E. grandis 

14.140.38Db 

17.240.32Cb 

21.8±0.30Bb 

25.640.76Ac 


E. urophyllaxE. camaldulensis 

11.540.48Dc 

16.640.36Cb 

21.3±0.30Bb 

28.540.59Ab 


E. urophyllaxE. tereticornis 

13.640.79Db 

17.440.61Cb 

21.440.61Bb 

25.240.28Ac 


E. grandis xE. tereticornis 

18.7±0.42Da 

22.941.55Ca 

27.9±0.22Ba 

36.640.68Aa 


E. urophylla x E. grandis 

13.440.69Db 

15.440.59Cb 

18.640.90Bc 

22.640.49Ad 


E. dunnii 

12.840.94Dbc 

15.640.47Cb 

19.240.35Bc 

14.440.69Ae 

3 months 

E. grandis xE. camaldulensis 

8.2±0.32bDb 

11.540.86Ca 

14.640.52Ba 

16.240.31 Ad 


E. grandis 

9.7±0.21Ca 

11.840.74Ca 

14.240.72Bab 

18.640.59Ab 


E. urophyllaxE. camaldulensis 

6.1±0.24Dc 

7.840.23Cb 

9.640.56Be 

12.340.48Af 


E. urophyllaxE. tereticornis 

8.7±0.19Db 

11.440.4 ICa 

13.6±0.95Bab 

17.540.58Ac 


E. grandis xE. tereticornis 

8.4±0.41Db 

10.740.46Ca 

13.440.45Bbc 

21.640.86Aa 


E. urophylla x E. grandis 

8.5±0.40Db 

10.640.56Ca 

12.240.45Bd 

14.440.37Ae 


E. dunnii 

8.1±0.51Db 

10.640.55Ca 

12.440.59Bcd 

13.640.58Ae 


& 


Springer 














382 


Journal of Forestry Research (2014) 25(2): 377-383 


Discussion 

It is well known that P plays a key role in various plant meta¬ 
bolic processes and is one of the most important growth-limiting 
nutrients. For most species investigated in the present study, P 
deficiency had insignificant impact on seedling growth, except E. 
dunnii and E. urophylla x E. tereticornis that had low height 
increment under severe P deficiency. Eucalypts are efficient in 
translocating P within the plant, for example, translocating P 
from wood during heartwood formation (Grove et al. 1996; La- 
clau et al. 2000) in a fonn that is readily mobilized (Mulligan 
and Sands 1988). Furthermore, a recent metabolite profiling 
study shows small changes in most amino acids, carbohydrates 
and organic acids of the tricarboxylic acid (TCA) cycle in re¬ 
sponse to P supply for E. globulus (Warren 2011). This small 
effect of P on carbohydrates, organic acids and amino acids is 
believed to reflect a functional homeostasis among C metabolism, 
rates of photosynthesis and growth, which in turn, may reflect a 
conservative, long-term growth and metabolic strategy of euca¬ 
lypts. This internal homeostasis might explain the lack of sig¬ 
nificant differences in growth and whole plant dry matter accu¬ 
mulation among different levels of P supply for most of the spe¬ 
cies in the present study. The insensitivity of dry matter accumu¬ 
lation to P deficiency for most of the species could also be at¬ 
tributed to their ability to adapt to soil with low nutrient status, 
and certain eucalypt species produce considerable biomass on 
extremely deficient sites (Mulligan and Sands 1988). As a whole, 
the results from the present study are consistent with previous 
studies made on E. globulus (Warren 2011) and E. grandis (Kir- 
schbaum and Tompkins 1990; Thomas et al. 2006a). 

P deficiency substantially reduced the photosynthetic rate and 
chlorophyll content of all eucalypts investigated in the present 
study, which is consistent with previous studies. For example, a 
substantial reduction in photosynthesis was observed for E. 
globulus (Warren 2011) and E. Grandis (Kirschbaum and Tomp¬ 
kins 1990), for Fraxinus mandshurica seedlings(Wu et al. 2005), 
and for larch seedlings (Guo et al. 2005) as was a constant de¬ 
cline in total chlorophyll content of Fraxinus mandshurica seed¬ 
lings (Xu et al. 2001). The mechanisms by which P deficiency 
affects photosynthesis have been variously contemplated. For 
example, Warren (2011) demonstrated that the increase in pho¬ 
tosynthesis of E. globulus with P supply is correlated with the 
maximum rate of CCE-limited carboxylation, and amounts of P, 
phosphate and fructose 6-phosphate. P deficiency decreases the 
maximum rate of CCE-limited carboxylation, and triose phos¬ 
phate utilization (Turnbull et al. 2007; Lewis et al. 1994), as well 
as limitations in RuBP regeneration and/or the amount or activity 
of Rubisco (Jacob and Lawlor 1991; Thomas et al. 2006b; War¬ 
ren 2011). Others suggest that P-starved plants have slower pho¬ 
tosynthesis compared with P-replete controls due to reduced 
stomatal conductance and concentrations of CO 2 in sub-stomatal 
cavities (Warren 2011; Kirschbaum and Tompkins 1990). The 
reduction in chlorophyll content and photosynthetic rates with 
plant age regardless of P supply might be due to mutual shading 
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and increased ratio of older to younger leaves, as well as in¬ 
creased rates of dark respiration and translocation of assimilates. 

Eucalypt species/hybrids investigated in the present study ex¬ 
hibited differential sensitivity to P supply, which could be due to 
significant genotypic variation in tolerance to P deficiency, as 
observed in other species (Wu et al. 2011a, b). It is well known 
that a cascade of morpho-physiological adaptive mechanisms is 
switched on to cope with P deficiency and improve P acquisition 
from the soil and its subsequent utilization (Shenoy and Kalagudi 
2005; Raghothama 1999). Plants tolerant to P deficiency produce 
and release an increased amount of organic acids (Yu et al. 2008) 
and phosphatases (Baldwin et al. 2001; Chen 2003) to mobilize 
fixed P from organic and inorganic sources. Fixed P from inter¬ 
nal RNA pools can be mobilized through increased production of 
ribonucleases during low P stress condition (Bariola et al. 1994). 
Plants growing in P deficient environments display an enhanced 
expression of high affinity P transporters to optimize P uptake 
from the rhizosphere (Raghothama 1999). Several genes are 
expressed and involved in the P starvation rescue system (Li et al. 
2009). The high dry matter accumulation exhibited by some of 
the eucalypt species (e.g. E. urophylla X E. tereticornis and E. 
urophylla X E. camaldulensis) in mild to moderate P deficient 
conditions might be attributed to one or more of the above 
mechanisms, which calls for further research to elucidate the 
underlying mechanisms for low P tolerance. 

Conclusions 

The study shows that photosynthetic rate and chlorophyll con¬ 
tents of eucalypt species/hybrids are the most sensitive physio¬ 
logical processes to even mild P deficiency compared with seed¬ 
ling growth and biomass production. This is likely due to func¬ 
tional homeostasis, which in turn, may enable them to metaboli- 
cally adjust for a conservative and long-term growth strategy. 
This study provides evidence about site matching with appropri¬ 
ate species/hybrids to maximize growth and productivity of short 
rotation plantations. Based on our glasshouse experiment, E. 
grandis X E. camaldulensis and E. urophylla X E. tereticornis are 
candidate species for planting on slightly P deficient sites in 
southern China. However, field studies are necessary to further 
verify these results. On plantation sites where severe P defi¬ 
ciency exists, P fertilization needs to be considered because some 
species/hybrids (e.g. E. grandis x E. tereticornis ) produced less 
biomass. 
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